We show the occurrence of a new class of superconductivity in multiorbital systems, focusing on nonKramers f 2 states. The Cooper pairs in this class of superconductivity are mainly local pairs with the same symmetry as the local f 2 ground states. When the local ground state is an anisotropic representation, the superconducting gap has nodes on the Fermi surface. This nodal superconductivity is mediated by the strong on-site interorbital attractions arising from the negative-U physics, generalized in multiorbital systems. We show that this is realized in a simple two-orbital model with antiferro Hund's coupling and enhanced inter-orbital interactions derived via a systematic local down folding. Finally, we briefly discuss superconductivity in Pr-1-2-20 compounds, UBe13, and PrOs4Sb12, in view of the present mechanism.
Unconventional superconductivity (SC) shows various interesting phenomena and has attracted great attention in the field of condensed matter physics. The existence of nodes in their superconducting gap functions is required for these phenomena to occur in unconventional superconductors, such as cuprates, 1) ruthenates, 2) iron-based pnictides, 3) and heavy-fermion superconductors.
4)
Apart from cuprates and some others, the gap functions in many unconventional superconductors are not fully understood and continue to be under debate, despite the intensive experimental and theoretical studies conducted on them since their discovery. Thus, explaining their mechanism is a challenging problem in condensed matter theory.
A promising mechanism for unconventional SC in single band (orbital) systems, fluctuation-mediated SC, has been established by the 80th, 5) and is analogous to the theory of 3 He superfluids. 6) In particular, intersite fluctuations in the presence of strong local repulsions, such as ferro-or antiferro-magnetic fluctuations, lead to nodal SC. Many unconventional superconductors have been observed in close vicinity to ordered phases.
In recent years, much attention has been paid to multiorbital superconductors, such as iron-based pnictides.
3)
Some heavy-fermion superconductors have attracted renewed interest, since for example, the discovery of fullgap behavior in the low-temperature specific heat of CeCu 2 Si 2 .
7) Thus, it is important to clarify the impact of the orbital degrees of freedom on SC. Recently, to clarify the multiorbital character of such SC, we classified multipole SC 8) and discussed that nodal SC can occur through the formation of local Cooper pairs in multiorbital systems. The pairs are local but have orbital degrees of freedom, which form the nodal gap structure.
In this letter, we show that such nodal and local SC can emerge in multiorbital systems and that it is related to two-electron ground state configurations, when the electron filling is nealy two per site. We start first by demonstrating that low-energy effective interactions in such * E-mail: hattori@tmu.ac.jp multiorbital models with the spin-orbit interaction (SOI) are completely different from the conventional Hubbardtype parametrization, and include e.g. antiferro Hund's coupling 9) and enhanced interorbital interactions. Renormalized interactions after integrating the highenergy sectors contain important information for understanding the low-energy properties of complex systems. In this work, we show a typical example in f -electron (where the orbital angular momentum l = 3) systems under the O h group, demonstrating the effective local interactions in j = l − 1/2 = 5/2 multiplets, by integrating the j = l + 1/2 = 7/2 states that lie in the higher energy of the SOI order, λ (See Fig. 1(a) ). This is a kind of down folding, 10) which we will call local down folding. A Hubbard-type model for the j = 5/2 orbital has already been analyzed, and it shows that realization of the Γ 3 nonmagnetic Kramers doublets as ground states for the local two-electron sector (f 2 ) is not pos- 15) and obtain the local effective interactions among the low-energy fermions, which are, roughly speaking, j = 5/2 states in the case where the filling is nearly two per site.
The procedure for calculating the renormalized interactions is as follows: (i) The exact diagonalizations are carried out for the local Hamiltonian including both j = 5/2 and 7/2, with the Coulomb interactions F 0,2,4,6 , and the SOI under the crystalline-electric-field (CEF) potential expressed by the parameters x and W .
16) Subsequently, the eigenenergy E 
, where the states for α = 1 consist of two Γ 8 orbitals, while that for α = 2 includes at least one Γ 7 orbital:
The effective Hamiltonian forf is set as:
where V αβ Γ are determined so as to (a) maximize the overlap between |f 2 Γ, 1 and the ground state of H eff for each Γ: |f 2 Γ gs and to (b) reproduce the E
Γ,s for the first (two) s with nonzero r αs Γ 's for Γ = Γ 4 (Γ 1 , Γ 3 , Γ 5 ). The condition for maximizing the overlap leads to |f
. The H eff constructed reproduces exactly the local spectra up to two-electron filling. To reproduce the spectra of f 3 , f 4 , and · · · , three-and four-body interactions and so on need to be included. When the interest is only in the f 0,1,2 states, they can be ignored. Symmetry reduces the number of independent parameters V αβ Γ to ten.
18) The three parameters are those in the Γ 8 sector: U 88 , U ′ 88 , J 88 , and J ′ 88 with the cubic constraint
Here, the annihilation operator for the Γ 8 orbital is de-
, where a and b represent the two kinds of orbital degrees of freedom and σ =↑, ↓ represents the Kramers index. n aσ =a † σ a σ , n a = σ n aσ and S a = 1 2 
where n 8 = n a + n b , S 8 = S a + S b , and τ = (τ z , τ x ) are the Pauli matrices for the orbital indices a(b) →↑ (↓). as a function of λ for x = 0, W = 0.004 eV, and (F 0 , F 2 , F 4 , F 6 ) = (9, 6, 5, 2) eV. For real materials, the value of λ is expected to be λ < ∼ 0.5 eV. The results are summarized as follows:
• J 88 , J ′ 88 > 0 and they increase as λ increases.
• U ′ 88 > U 88 , i.e., the interorbital interaction is larger than the intraorbital interaction for the Γ 8 orbital.
• The complex pair hopping terms (in particular for v 1 ) are quite large in magnitude.
It should also be noted that the exchange interaction J 78 between Γ 7 and Γ 8 is ferromagnetic. In addition to the purely electronic origin for such parametrization of the interactions, electron-phonon couplings are known to enhance e.g., antiferro Hund's coupling.
8, 19)
Now, we discuss that the above results affect the ordering and SC. To capture the essential points, we simplify the full j = 5/2 model and introduce an effective model with a four-fold degenerate Γ 8 orbital. Although the model is an effective one, and thus, should be regarded as anf system with regard to eq. (1); notations such as f n will be used for simplicity. As discussed, representing the local interactions for the Γ 8 orbital as V 88 from eq. (2), the f 2 configurations are diagonalized as Γ 1 (1-fold), Γ 3 (2-fold), and Γ 5 (3-fold). Apart from the Γ 8 level, their atomic-limit energy ǫ
. Thus, the f 2 ground state is determined by J 88 and J ′ 88 . We are interested in the situation where the filling is n ≡ n 8 ∼ 2 per site and in the SC arising there. In a naive mean-field approximation, the U 88 term in eq. (2) can be decoupled into a density-density form, while the other terms can be decoupled into Cooper channels. Thus, the interaction (2) can be rewritten as:
where (ψ † ψ † ) Γm indicates the two-electron operator for Γ m irrep. 17) A mean-field analysis readily leads to SC with local Cooper pairs corresponding to the atomic CEF ground state in the f 2 sector m = m g , as the interaction is always attractive (ǫ
mg − U 88 < 0). For this analysis, it is crucial to perform the decoupling of the U 88 term not in the Cooper channel but in the density-density channel. Physically, if the charge fluctuations are suppressed, the above analysis is expected to be valid, and the common energy contribution U 88 to ǫ (2) m is irrelevant. In fact, in recent dynamical mean-field theory studies on multiorbital Hubbard models, realization of local s-wave SC for U ′ > U > 0 20) and local-triplet SC in a three-orbital model 21) was shown. These results support the validity of the above analysis. In the following, we show that such SC can be nodal, if realistic hopping parameters, reflecting the orbital characters, are taken into account.
As an example, a model on a simple cubic lattice is considered. The non-interacting Hamiltonian is:
where µ is the chemical potential, α and β are run for the indices {1, 2, 3, 4} ≡ {a ↑ , a ↓ , b ↑ , b ↓ }, and k is the wavenumber. σ acts on the Kramers indices ↑ or ↓, while τ y is the y component of the Pauli matrices for the orbital indices. The Einstein contraction for the repeated indices is used, and will be used hereafter. ǫ(k), d(k), and η(k) are real and they transform as A 1g , E g , and T 2g in the O h group, respectively, 22) where the hopping integrals up to the third neighbors are taken into account. In the following analyses, the unit of energy is set to the orbital diagonal nearest-neighbor hopping t = 1 and the unit of length is set to the lattice constant. The other parameters are set to: (t
.05). The one-particle energy E λ=1,2 (k) is:
with Kramers degeneracy. The band-based operators are defined as (c k1↑ ,c k1↓ ,c k2↑ ,c k2↓ )
T , where U (k)=U (−k) is unitary and the superscript T indicates the transpose. Table I summarizes the band-based (intraband) pair amplitudesΦ 1,2 (k) = c k1,2↑c−k1,2↓ , induced by a local pair amplitude Φ Γ = (ψ i ψ i ) Γ with i being the site index. For simplicity, interband pairs are not considered here. It should be noted thatΦ 1,2 (k) =Φ 1,2 (−k) due to the local nature of the pair, and the symmetry ofΦ 1,2 (k) is the same as the local order parameter Φ Γ . Thus, nodal SC is realized when the f 2 ground state is Γ 3 or Γ 5 . The pair is local, 23) and this contrasts with the conventional non-s-wave intersite pairs.
5) The local nature of the SC suggests that it is robust against detailed changes in the band structure. In a recent paper, 24) Bishop et al. discussed such types of SC with nodes, while they introduced attraction in a specific Cooper channel from the beginning. Such nodal SC has also been shown for j = 3/2 fermions in half-Heusler compounds.
25)
To examine whether such SC occurs, the multiorbital random-phase approximation (RPA) 26, 27) is employed and used to calculate the transition temperature T sc of SC and T c for possible multipole orders. Generalized static susceptibilities χ γαδβ (q) ≡ N −1 kp
, where N , T , and T τ represent the total number of sites, the temperature, and the time-ordered product, Table I . Relation between the local and band-based pair amplitudes. Trivial constant factors are omitted,dz,
is invariant under the O h symmetry. The abbreviations cx,y,z ≡ cos kx,y,z and sx,y,z ≡ sin kx,y,z are used. In the third column, the functional form for Φ Γm is shown (the common factor 1/D(k) for m ≥ 3 is omitted for simplicity).
respectively, are given in the RPA as:
with the Matsubara frequency ω ℓ and G 28) The effective RPA interactions V αβδγ eff between the Cooper pairs can be expressed as:
which are used for calculating T sc in the BCS approximation. All the calculations shown below are performed for N = 64 3 and 1024 τ bins, and J 88 , J ′ 88 > 0, which corresponds to the Γ 3 ground states in the f 2 sector. Figure 2(a) shows the J 88 and J ′ 88 dependence of T sc and T c for U 88 = 2.0 and n = 2.0. It should be noted that T sc is not calculated in the ordered phases below T c . For a wide range of parameter space, SC with E g symmetry (d-SC) occurs. This is nearly local SC induced by the renormalized interactions. Thus, our naive analysis is qualitatively valid within the RPA level. The Fermi surfaces (FSs) for (J 88 , J ′ 88 ) = (0.75, 1.0) and T ∼ T sc are shown in Fig. 2 (b) with the d-wave amplitudes |Φ(k)| 2 . Line nodes exist on both FSs, whose functional forms are qualitatively consistent with the list in Table I . Below T sc , when the chiral combination of the two components is realized in favor of opening the gaps on the FSs, point nodes exist around the [111] directions. For larger J 88 and J ′ 88 , T sc is very high: ∼ O(1), which means that the attraction is too large to be handled in the RPA. Although it is beyond the scope of this study, tightly bound pairs dominate and Bose-Einstein condensation (BEC) of the local pairs would occur.
29) In such a situation, the Γ 3 bound-state contribution would have to be accounted for, which would suppress T sc . It should be noted that a transition (not a crossover) between SC and BEC is expected to occur for d-wave pairing.
30)
For smaller J ′ 88 , three ordered states appear: an antiferro E g -quadrupole order (AFQ) with the ordered wavenumber q = (π, π, π), and an E g -quadrupole density wave (QDW) and A 2g -octupole density wave (ODW), both with q ≃ (π, π, π ± 0.4π) and the equivalent q's.
For J ′ 88 ≪ J 88 and J 88 ≃ U 88 , another type of SC with A 1g irrep (s-SC) emerges. This is related to the SC realized for J ′ 88 < 0, where the ground state for the f 2 sector is Γ 1 . The Γ 1 ground state, according to Table I , leads to A 1g Cooper pairs. With regard to the Γ 5 f 2 ground state with J 88 < 0, SC with T 2g irrep is expected, while this is not realized for U 88 = 2.0, since an antiferromagnetic order takes place first. However, for larger |J 88 |, the leading SC instability is T 2g type, 21) and thus, it is concluded that the naive approximation used holds true for the RPA results, concerning the dominant SC instability.
To analyze the d-SC in more detail, the averaged realspace amplitude:
for two sets of parameters of J 88 and J ′ 88 is shown in Fig.  3(a) , where n r is the number of site-pairs with a distance r. For both J 88 = 0.75 and 1.75, the order parameter is largest for r = 0, and thus, it can be called the "local" Cooper pair. For larger J 88 , the decay is much faster. In the inset of Fig. 3(a) , the averaged effective interactions:
along the three symmetric directions [001], [110] , and [111] are shown. In eq. (9), V eff (r) is the inverse-Fourier transform of eq. (7). As expected from the behavior of |Φ(r)|, the effective interactions decay exponentially and the decay rate is higher for larger J 88 . The profile of the local part of V eff is key to gaining insight into the mech- With regard to electron filling n and the band parameter dependence of the phase diagram, it is shown that as n decreases, all the ordered states including the SC are suppressed because of the decrease in the density of states on the FSs. For U 88 = 2.0 and n = 1.0, there are no phases with broken symmetry in the calculations. T sc for several sets of the band parameters are also examined. The results are qualitatively the same as those shown in Fig. 2(a) . This indicates that the band parameter details and any specific fluctuations play no role in realizing the d-SC discussed in this study.
Our focus in this letter is on the Γ 3 ground states in the f 2 configurations under cubic symmetry, which have been realized in e.g. Pr-based 1-2-20 compounds, and SC is found in various systems. 12) Since the local nodal SC discussed in this letter does not require any specific fluctuation, if SC under high pressure far from the orbital ordered phase is realized, 31) it is a good candidate for it. Another candidate is the classical heavy-fermion superconductor UBe 13 . 32) A possible ground state to explain the anomalous normal state is Γ 3 . It is suggested that there are point nodes around the [111] direction.
33) The chiral d-wave state of local pairs described in this letter can provide a key to understanding the enigmatic superconductivity of UBe 13 . As a material with Γ 1 ground states, it is argued that PrOs 4 Sb 12 is an s-wave superconductor.
34) This is indeed consistent with our theory and it is worth examining the heavy-fermion SC in our future studies.
In summary, we have demonstrated that local nodal superconductivity can appear in multiorbital systems. The nodal structures reflect the local two-electron ground state. We have also derived an effective model by local down folding and found antiferro Hund's coupling and enhanced interorbital interactions, which are key to realizing local nodal superconductivity.
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